ABSTRACT: Genetic improvement of exotic and indigenous pigs in tropical developing countries is desired. Implementations of traditional selection methods on tropical pig populations are limited by lack of data recording and analysis infrastructure. Genome-wide selection (GS) provides an approach for achieving faster genetic progress without developing a pedigree recording system. The implications of GS on long-term gain and inbreeding should be studied before actual implementation, especially where low linkage disequilibrium (LD) is anticipated in the target population. A simulation case study of this option was performed on the basis of the available 60,000 SNP panel for porcine genome. Computer simulation was used to explore the effects of various selection methods, trait heritability, and different breeding programs when applying GS. Genomic predictions were based on the ridge regression method. Genome-wide selection performed better than BLUP and phenotypic selection methods by increasing genetic gain and maintaining genetic variation while lowering inbreeding, especially for traits with low heritability. Indigenous pig populations with low LD can be improved by using GS if high-density marker panels are available. The combination of GS with repeated backcrossing of crossbreds to exotic pigs in developing countries promises to rapidly improve the genetic merit of the commercial population. Application of this novel method on a real population will need to be performed to validate these results.
INTRODUCTION
Genetic selection programs have been successful in making long-term change in livestock and are widely accepted as the primary cause of adaptive evolution within natural populations. For pig populations in many tropical developing countries, the approach has been to improve by basic phenotypic selection (Kahi et al., 2005) based on an individual's own performance, disregarding pedigree or the performance of sibs or progeny. Unless trait heritability is high, the accuracy of EBV derived using this method is generally low, leading to slow genetic progress. Henderson (1984) developed a pedigree-based BLUP method that uses information on relatives to improve EBV. Although selection on EBV derived using BLUP has been successful for swine genetic improvement in developed countries (Kennedy et al., 1996; Gibson et al., 2001 ), implementation in developing countries is limited to small nucleus herds that have pedigree records (Smith, 1988; Kahi et al., 2005) . Moreover, BLUP EBV lead to coselection of sibs and higher rates of inbreeding, especially when heritability is low (Belonsky and Kennedy, 1988; Sonesson et al., 2005) .
Today, swine breeders in developing countries are interested in selection methods that are straight forward to implement at a reasonable cost. Methods that guarantee a sustainable increase in genetic gain while maintaining genetic variation and keeping the level of inbreeding low are preferred. One possible solution for selection in tropical pig production is genome-wide selection (GS) based on genomic breeding values (GBV) predicted from dense SNP marker genotyping (Meuwissen et al., 2001) . Therefore, the objective of this study was to quantify how much gain is to be expected in production traits using GS compared to conventional methods of selection for pig breeding programs in developing countries. The impacts of various selection methods on inbreeding, genetic variance, realized accuracy, and linkage disequilibrium were also investigated.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because data were generated by computer simulation. A modified version of the QMSim simulation software developed by Sargolzaei and Schenkel (2009) was used for this study. This version of the software allows for the marker effects to be estimated externally using any preferred method, and GBV of selection candidates are calculated and provided to the program for selection purposes. In addition, other methods of breeding value estimation such as BLUP and phenotypic selection can be applied, and various selection events can be imposed on the populations. Table 1 gives a description of the parameters used for the simulation.
Population Structure
All pigs found in tropical developing countries were assumed to come from a common base of unrelated individuals that served as ancestors to the exotic and indigenous populations. The common base population was mated on the basis of the union of gametes randomly sampled from the male and female gametic pools for 1,000 generations with effective population size (N e ) of 5,000 breeding individuals (Fig. 1) . This ancestral population was later contracted to N e of 1,050 individuals consisting of 300 breeding males at the end of another 1,000 generations to generate initial historic linkage disequilibrium (LD). This is typical of N e in livestock populations that have been declining because of domestication (Henson, 1992) . The ancestral population was split into two unequal-sized purebred subpopulations (referred to as exotic and indigenous populations) at generation 2,001.
The exotic population was created by drawing the top-ranking 50 males and top-ranking 250 females based on their phenotypes from the common base population resulting in N e of 167 and subjected to phenotypic selection for the trait under consideration for 50 generations with an intensity of 10% for males and 50% for females. Each female produced 4 offspring (2 males and 2 females), resulting in 1,000 breeding animals in each generation from which selection was made. The remaining members of the common base population consisting of 250 males and 500 females were allowed to mate at random concurrently for 50 generations, resulting in the indigenous population with N e of 667. The Ne assumed in this study was chosen to yield a simulated level of LD observed in real life for exotic and indigenous pig populations. The actual Ne might differ slightly.
At generation 2,049 in the simulation, randomly selected sires from the exotic population were mated to randomly selected dams from the indigenous population to produce F1 crossbreds and their reciprocals, which were also generated by selecting sires from the indigenous population and dams from the exotic population and randomly mating them. Therefore, at generation 2,050, four different populations, namely, exotic, exotic × indigenous, indigenous × exotic, and indigenous, were available to conduct the selection experiment. The resulting populations in generation 2,050 were used in the different breeding schemes in the 10 subsequent generations (T1 to T10) that were produced (Fig. 1) . Pure breeding was performed for the exotic and indigenous populations separately. The synthetic population was produced by mating F1 sires to their reciprocal crossbred dams followed by inter se mating. For the backcross breeding program, repeated backcrossing was conducted for generations T1 to T5, followed by inter se mating of the backcross population from generations T6 to T10. All lines in the breeding schemes were kept at a constant size of 1,000 breeding candidates, and 5% of males and 50% of females were randomly selected in each line per generation. Throughout the selection experiment, all sires and dams were replaced each generation; thus, discrete generations were assumed. The goal of the breeding structure described above was to mimic the selected exotic and unselected indigenous pig populations and their crosses currently used for pork production in tropical developing countries. 
Genome Structure
The simulated genome consisted of 5 chromosomes of 150 cM each with 250 multiallelic segregating QTL and a marker density of 22 biallelic loci/cM evenly spaced across the genome (Table 1) . This was chosen to make the simulation faster and computationally tractable and in such a way that the marker density represents approximately 60,000 SNP marker map currently available (Ramos et al., 2009 ). To establish mutation drift equilibrium in the ancestral population after 2,000 generations, about 3 and 20 times as many markers and QTL, respectively, were simulated with equal starting allele frequencies and a recurrent mutation rate of 2.5 × 10 -3 for markers and an infinite-allele mutation rate of 2.5 × 10 -5 for QTL.
The required number of QTL and markers were drawn at random from segregating loci with a minor allele frequency (MAF) of ≥0.05 at generation 2,000 before creating the two recent purebred populations. No new mutation was simulated in the recent populations, resulting in many of the markers and QTL not segregating in the exotic population after 50 generations of phenotypic selection. The mutation rate per generation in mammals is estimated to be about 2.5 × 10 -9 (Kumar and Subramanian, 2002) and may not have resulted in a significant number of new mutants after 50 generations in real populations. The Haldane mapping function with no interference and a Mendelian inheritance of all loci was assumed. The allelic effects of the QTL including original and new mutations were sampled from a gamma distribution with a shape parameter of 0.4 and were scaled such that the sum of the QTL variances in the last historic generation equals the input QTL variance. The QTL was randomly distributed across the genome.
The magnitude of LD in the exotic and indigenous founders at generation 2,050 were estimated as average correlations between adjacent pairs of markers (r 2 ; Hill and Robertson, 1968) :
where D AB = D A1B1 = p A1B1 − p A1 p B1, p A1 is the frequency of allele A1 at locus A, p B1 is the frequency of allele B1 at locus B, and p A1B1 is the frequency of haplotype A1B1 in the population. Only markers with a MAF ≥ 0.10 were included in this analysis. The level of genetic diversity present in the simulated populations was investigated using Wright's fixation indices, such as F IS , which defines the inbreeding coefficient of individuals relative to the subpopulations, and FST, which is a relative measure of where the subpopulations are in allelic fixation (Wright, 1965) . The Fstat program developed by Goudet (2001) was used to calculate these statistics. Genotypes at 200 loci from a random sample of 300 individuals from each of the two simulated purebred founder populations from generation 2,050 were used to estimate fixation indices.
Phenotype
To simulate data for each animal with a record at generation 2,000, a finite additive locus model was assumed such that the true breeding value of an individual was equal to the sum of the 250 QTL effects scaled on the basis of the specified heritability (h 2 ) and phenotypic variance (σ 2 p ). Given the genetic variance, environmental effects were generated from a normal distribution with a mean of zero and a variance set to give the desired h 2 . The phenotype was assumed to be the sum of the genotypic and environmental effects, i.e., no genotype-environment interactions were simulated. For the traits considered, h 2 and σ 2 p used in the simulation were obtained from a previous meta-analysis study performed for the tropical environment (Akanno et al., 2013) . Three traits, namely, number born alive (NBA), ADG, and back fat thickness (BFT), were simulated independently (no pleiotropic effects), assuming a normal distribution. All individuals within the various genetic groups in the last 10 generations were genotyped for the available markers. In addition, for training the prediction models, individuals in the training data set were assumed to be recorded for all traits considered.
Model for Genetic Evaluation
The phenotypic information from the different breeding populations in each generation of selection was used to calculate the EBV from the traditional BLUP model according to Henderson (1984) . The model was y = μ1 n + Za + e, [2] where y is a data vector of size n, μ is the overall mean, 1 n is a vector of n ones, a is a vector of random additive genetic effects of each individual ~N(0, Aσ 2 a ), A is the additive relationship matrix, Z is a design matrix for the additive genetic effect, and e is a vector of random residuals ~N(0, Iσ 2 e ). The variance ratio required in the mixed model equations was (1 − h 2 )/h 2 , where the true heritability at each generation was used.
In the GS scheme, marker effects were estimated using the ridge regression model described in Meuwissen et al. (2001) and extended by Fernando et al. (2007) . The statistical model was y = μ1 n + Wg + e.
[3]
The mixed model equation was
where y is data vector, g is a vector of allele substitution effects due to the ith genotype ~N(0, I,
, W is a design matrix that has a 0, 1, and 2 for the number of alleles of type g i present in the jth animal, p is the base allele frequency at the ith locus, q is (1 − p), σ 2 g is the true genetic variance at each generation, and m is the total number of markers. The other parameters are as described previously.
For training the marker effects in all of the different breeding programs simulated, only the segregating markers with MAF ≥ 0.10 and based on the exotic population marker panel were used. The training set consisted of 1,000 breeding individuals, and marker effects were reestimated in each of the last 10 generations. Once estimates of marker effects were obtained, the genomic breeding values of kth selection candidates (GBV k ) in each generation were computed as
where W ik and ĝ i are the recoded genotype and the estimated marker allele substitution effect at the ith locus, respectively, and m is the total number of markers.
Selection Strategies and Result Analysis
For the various breeding programs investigated in this study, individuals were selected for breeding on the basis of their phenotype, pedigree (BLUP), and genomics (GS) and at random for each trait. In each generation, 5% of males and 50% of females for the different breeding programs were selected, resulting in an N e of 91. Each combination of breeding scenario and selection method was replicated 50 times, each replicate beginning with the same base population up to generation 2,050. The average level of true breeding values for the traits and average level of inbreeding calculated on the basis of pedigree were produced for each replicate and generation. Genetic gains for the traits were calculated as differences in true genetic level from generation T1 to T10 and standardized by dividing by the true genetic standard deviation in each generation. Cumulative response per generation was obtained by summing up the annual gains in each generation. Comparisons between methods were based on cumulative response, inbreeding level, average LD, and realized accuracies in each generation of selection. Realized accuracy was calculated as
where G(t) is the mean genotypic value in generation t, σ A (t) is the additive genetic standard deviation in generation t, and 1.40 is the average selection intensity for the proportions of males and females selected in each generation (Falconer and Mackay, 1996) . All analyses were coded in R statistical software (Ihaka and Gentleman, 1996) .
RESULTS AND DISCUSSION

LD and Population Differentiation
To show the differences between the exotic and indigenous populations that served as founders for the various breeding programs in this study, some genetic properties were examined at generation 2,050. The mean heterozygosity in selected exotic founders was 0.326, whereas that of the unselected indigenous founders was 0.468. The average LD was 0.286 in the exotic population and 0.048 in the indigenous population for markers separated by 0.05 cM, on average. Wright's fixation indices were used to quantify the amount of divergence between the simulated populations in generation 2,050. The estimated F ST and F IS were 0.169 (SE = 0.014) and 0.004 (SE = 0.020), respectively, when populations were separated in generation 2,000.
The mean heterozygosity in the exotic and indigenous populations implies that genetic variation is different in both populations. Whereas the exotic population has dissipated much of the genetic variability due to previous selection, the unselected indigenous population still has their genetic variability intact. In addi-tion, because of differences in Ne for the exotic (167) and indigenous (667) populations, the level of LD in the two populations differed markedly. Markers in LD with putative QTL are valuable for the implementation of GS. Linkage disequilibrium levels of 0.20 and above are considered appropriate for using genomic information in breeding programs (Meuwissen et al., 2001; Du et al., 2007) .
The estimate of FIS of 0.004 implies only a minor deficit of heterozygosity within populations. This value corroborates the estimate of average inbreeding level in the indigenous population (0.030) based on pedigree information at generation 2,050, but not to the same extent as estimated in the previously selected exotic population (0.147). The F ST estimate of 0.169 shows that about 17% of the total genetic variability in the whole population can be attributed to differences among populations or that about 17% of shared allelic diversity was lost within each population since they were separated (Cañón et al., 2001; Toosi et al., 2010) . Recently, Sollero et al. (2009) published global FST values for indigenous and commercial breeds of pigs in Brazil based on 28 microsatellite loci. They found that 14% of the total genetic variation observed was due to differences between populations. Therefore, the simulated founder populations in this study had enough divergence to represent current exotic and indigenous pig populations.
Selection Response, Inbreeding, and Genetic Variance
Average cumulative response, inbreeding, and genetic variance for different traits, breeding strategies, and selection methods at generations 5 and 10 are shown in Tables 2 and 3 . As expected, all breeding programs in which directional selection was practiced showed responses for all traits studied with an attendant increase in inbreeding and reduction in genetic variance. In the pure-breeding scenario where exotic and indigenous populations were mated among themselves, genetic progress was greater with GS than with BLUP, and differences were greater at generation 5 than at generation 10, especially for the exotic population with a moderate LD. For crossbreeding involving exotic and indigenous parental populations, GS showed a greater response to selection than BLUP except for the case of backcrossing crossbreds to the indigenous population, where BLUP exceeded GS. At the level of individual traits, response to GS was greater than BLUP for NBA (41%), ADG (31%), and BFT (21%) at generation 5, on average, and similar results were obtained at generation 10 (Table 2) . Inbreeding was greater with BLUP selection than with GS at generations 5 and 10. At generation 10, the average inbreeding coefficient ranged from 0.04 to 0.27 for BLUP and from 0.03 to 0.12 for GS schemes across traits and populations and was twice its value at generation 5 (Table 3) . Inbreeding decreased with increasing trait heritability for BLUP and GS methods and was zero at generation 5 for the crossbreds because of increased heterozygosity. Genetic variances were reduced in BLUP selection compared with GS across traits and populations. Also, using GS in pure breeding of the indigenous population reduced genetic variance faster than in the selected exotic population.
One of the objectives of this study was to compare response to selection from conventional BLUP and GS methods in breeding programs involving selected exotic and unselected indigenous pig populations. Formulas usually used to predict selection response (ΔG), such as ΔG = iρσ A (Falconer and Mackay, 1996) , where i is selection intensity, ρ is the accuracy of the prediction method, and σA is the additive genetic standard deviation, overestimate response because they do not account for the reduction of genetic variability from directional selection and inbreeding. Consequently, increases in ΔG anticipated from GS methods because of higher accuracies of GBV that were measured in randomly mated populations may not reflect expectations with selection because selection changes allele frequencies and reduces genetic variance. The superiority of selection response from GS schemes over BLUP in the short and long terms can be explained in two ways: 1) GS selects directly on QTL controlling the traits through its LD with molecular markers (Meuwissen et al., 2001) , and 2) GS exploits Mendelian sampling effects to improve accuracy of selection (Daetwyler et al., 2007) . The BLUP method, on the other hand, can increase the accuracy of EBV by capturing additional information on ancestors and collateral relatives; however, when truncated selection is practiced, it leads to inbreeding (Belonsky and Kennedy, 1988 ).
The use of imported exotic breeds in pig breeding in developing countries has the advantage that LD is high in this population (Du et al., 2007) ; consequently, faster genetic progress is anticipated when applying GS over the BLUP method. However, with increasing interest in the use of indigenous pigs in tropical pork production, considerations are ongoing on the alternative method for genetic improvement of indigenous pig populations in the absence of a pedigree recording system. Our result showed that using the currently available 60,000 SNP panel for GS can genetically improve indigenous pig populations in the presence of low LD. Further, combining the indigenous and exotic pigs in crossbreeding programs will create new LD in the crossbred population in addition to the LD in the parental breeds, making GS more efficient.
For traits with low heritability where BLUP methods need help, GS can improve genetic gain by exploiting genetic variation within families. Under BLUP selection at low heritability more weight is placed on relatives of the selection candidate, and less weight is placed on the individual's own record. This causes related candidates to have similar EBV, and it is more likely that relatives will be selected, resulting in high inbreeding. High levels of inbreeding can result in inbreeding depression if nonadditive genetic effects are important. This study was simulated under a finite additive locus model, and inbreeding depression was not considered; however, it could be a real concern for traits like NBA in the nucleus population. In addition, calculation of inbreeding in this study was based on pedigree information, and this is an expectation assuming neutral loci; therefore, 2 alleles at the same neutral locus on two homologous chromosomes have an equal chance of being selected. This ignores the existence of linkage between marker allele and a QTL affecting a trait under selection. With the availability of genomic information, inbreeding can be calculated such that the expectation is adjusted with identity-by-state probabilities at the marker loci to yield actual inbreeding at specific locations across the genome (Pong-Wong et al., 2001; Liu et al., 2002) , and if GS can result in shorter generation intervals in swine breeding, then the rate of inbreeding per unit of time might differ from what is expected.
Increased inbreeding contributed to reduced genetic variation. Reduction in genetic variance is expected with directional selection methods. This reduction is due to gametic phase disequilibrium, inbreeding, or both as a result of Ne and selection. One advantage of using GS is the exploitation of new genetic variance through the estimation of Mendelian sampling effects (Daetwyler et al., 2007) . New variation is expected to balance the loss of genetic variability due to gametic phase disequilibrium; however, because the Mendelian sampling vari- Table 3 . Average cumulated inbreeding and genetic variance after five (G5) and ten (G10) generations of selection using a pedigree or genome-based method for different traits and breeding programs ance itself is also reduced by the loss of alleles due to inbreeding, this equilibrium can never be reached in a dynamic finite population. Figure 2 compares the various selection methods based on response, inbreeding, LD, and realized accuracy in an unselected indigenous population for ADG. Patterns of change were similar for the selected exotic populations. Genetic response increased in each generation when directional selection was implemented on the population and was greater for GS, followed by BLUP and phenotypic selection ( Fig. 2A) . As expected, there was no gain in the randomly selected population. Inbreeding occurred in all selection methods because inbreeding is a function of N e and can increase with selection (Fig. 2B) . In generations 1 and 2, the inbreeding level was the same for all selection methods but increased much more quickly for BLUP followed by GS. The rate of inbreeding per generation for phenotypic selection was slightly greater than that of random selection. At the same level of inbreeding at generation 2, GS had slightly greater selection response than BLUP and phenotypic selection ( Fig. 2A) . The increase in inbreeding rate that occurs with BLUP selection is because BLUP achieves high accuracy of EBV estimation through the use of additional information on ancestors and collateral relatives, resulting in sibs having similar EBV and therefore being likely to be selected together. Thus, GS provides a method for achieving both short-term goals of increased and sustained ΔG and long-term needs for maintaining genetic variation while keeping inbreeding low.
Comparison of Different Selection Methods
Linkage disequilibrium is created by gametic phase disequilibrium due to genetic drift and selection. The results of average LD for the various selection methods showed that GS and BLUP can move a population in approximate linkage equilibrium to a state of LD within a very short time (Fig. 2C) . Similarly, phenotypic and random selection can create LD in the population. Genomewide selection can exploit the high LD between QTL and molecular markers to increase genetic gain, but this is not true for BLUP and phenotypic selection. Selection based on BLUP relies on the accuracy of EBV, which depends on trait heritability and the amount of information available for EBV estimation, while phenotypic selection depends solely on trait heritability to make genetic progress. The accuracy of selection increased for all methods of selection in the first 2 generations but decreased thereafter (Fig. 2D) . The rate of reduction in accuracy after generation 2 was faster for BLUP but slower for GS and phenotypic selection. The slight reduction in accuracy over time for GS was attributed to recombination, which breaks down the association between markers and QTL, while the reduction in accuracy for BLUP and phenotypic selection methods was due to a reduction in variances (Bulmer, 1976) . Accuracy was zero or near zero for random selection, as expected.
Comparison of Different Breeding Programs in a GS Scheme
The effects of using GS in different breeding programs for improving ADG are given in Fig. 3 . Patterns of change are similar but differ in magnitude for other traits. Genome-wide selection resulted in an increase in genetic response in pure-breeding and crossbreeding systems and in the short and long terms (Fig. 3A) . Indigenous purebreds responded to GS better than the exotic purebreds and surpassed all other populations at generation 10. The greater genetic progress observed in the indigenous population when GS was applied was due to high heterozygosity, genetic variance, and trait heritability, resulting in increased accuracy of selection and faster genetic progress. This finding suggests that as long as a high-density marker panel is utilized and the reference population size is large, faster genetic progress is anticipated for indigenous pigs found in developing countries when GS is implemented.
The relative advantage of using crossbred lines depends on how far the parental lines have diverged. The longer the time since divergence of lines, the larger the advantage of crossbreeding in GS scheme (Toosi et al., 2010) . Synthetic breeding showed greater response to selection in the short term than pure breeding but was surpassed by indigenous purebreds in the long run. Backcrossing to an improved exotic population is expected to result in greater genetic response than other breeding strategies and corroborates results from a previous study (Oseni, 2005) ; however, repeated backcrossing to an unselected indigenous population may results in a negative response during the backcrossing phase with a potential for increased response during inter se mating. Combining GS with backcrossing to an indigenous population is not expected to yield an appreciable response, especially if the indigenous population is inferior for the trait under selection and LD is low. Further, in an introgression scheme, favorable QTL in the donor line are potentially selected and introgressed into a recipient population. After three generations of repeated backcrossing, only about 6.25% (0.5 4 ) of the neutral alleles from the donor line will be left in the backcross population. However, by using GS, any favorable QTL alleles from the donor line that are rare or nonexistent in the recipient line may be preserved at a frequency much greater than the expected value (Odegard et al., 2009 ).
The inbreeding rate was similar in the purebreds at the first three generations but increased faster in the indigenous purebreds at later generations. The increased inbreeding in the indigenous purebreds was associated with the faster genetic progress achieved by using GS. Genome-wide selection can lead to fixation of favorable QTL, resulting in homozygosity and loss of genetic variation. Inbreeding was zero in the crossbred lines undergoing repeated backcrossing and increased slightly in a linear manner in synthetic lines (Fig. 3B ). Starting from a relatively low level of LD at the initial crossbred generation, average LD for the backcross1 line was slightly similar to LD for the exotic line following generation 3 (Fig. 3C) . The synthetic line also showed increased LD but did not exceed that of the exotic line. The purebred indigenous and backcross2 lines both had similar patterns of LD increases. The high LD observed in the backross1 crossbreds explains the greater response to selection in this population when GS was applied. Realized accuracy was stable in the purebreds but decreased slightly in synthetic and backcross populations (Fig. 3D) . The slight reduction in accuracy was due to a reduction in genetic variance for the simulated breeding strategies (data not shown) over generations of directional selection and can also be attributed to the breakup of association between markers and QTL.
Impact of Trait Heritability in a GS Scheme
The influence of different trait heritability on cumulative response, inbreeding, LD, and realized accuracy when GS was applied in an indigenous population is giv- en in Fig. 4 . The traits studied included NBA, ADG, and BFT. These traits were chosen because they represent a range of heritability estimates and also affect profitability of pig production in developing countries. The genetic parameters used to simulate data for each trait are weighted estimates based on a previous meta-analysis of genetic parameters for pig production traits in tropical developing countries (Akanno et al., 2013) . Selecting for low BFT on the basis of GBV leads to greater genetic response and is followed by ADG and NBA (Fig.  4A) . The greater response obtained for BFT is due to the high accuracy of the phenotype used for training the marker effects and the high heritability of the trait leading to more reliable GBV. In contrast, traits like NBA responded to genome-wide selection due to exploitation of Mendelian sampling effects at low heritability.
Inbreeding decreased slightly with increased trait heritability under a GS scheme (Fig. 4B) . As in traditional BLUP selection where coselection of sibs is possible, traits with low heritability have higher inbreeding rate than moderate to highly heritable traits. Linkage disequilibrium in an indigenous population starting at low level increases rapidly per generation, and the trend was comparatively similar for all traits (Fig. 4C) . Realized accuracy was stable across generations for all traits but differed in magnitude (Fig. 4D ). This suggests that genetic variation was maintained in a GS scheme.
Implications
There are a number of challenges to the widespread implementation of GS in developing countries. The feasibility of GS for genetic improvement of indigenous and exotic pig populations needs to be evaluated by considering the increase in genetic gain that is achievable over conventional selection methods and the extra cost involved in genotyping. In swine populations, assuming selection intensity is constant, increases in annual genetic gain from GS are expected to come mostly from increases in accuracy of GBV used for selecting parents of future generations, as a sizeable reduction on generation interval is not achievable. Prediction equations from a large multigenerational training data set can increase the accuracy of GS in the target population; therefore, an effort to obtain large numbers of accurate phenotypes for training prediction equations is desirable. The accuracy of GS can further be increased by using high-density markers that are well distributed across the genome to allow for stronger and more persistent marker-QTL association. Although the cost of genotyping for a high-density marker panel is expected to decrease in the future, it still may be too costly to justify widespread genotyping in swine populations. Genotype imputation from a low-density panel to a high-density marker panel could provide an affordable solution that will enable swine breeders to benefit from the expected extra gains from GS.
In conclusion, GS can increase genetic gain in swine populations, and there is a great potential to reorganize the current swine breeding programs to exploit its benefits. Although the best implementation strategy on real swine populations is currently unknown, significant potential exists for GS methods to be applied to tropical pig breeding systems in developing countries. Despite the low level of population-wide LD, indigenous pig populations in the tropics can be genetically improved by using the available high-density 60,000 SNP panel developed for the exotic pig populations. The combination of GS with repeated backcrossing of crossbreds to exotic pigs in developing countries promises to rapidly improve the genetic merit of the commercial population. This possibility will lead to the introgression of favorable QTL required for tropical pork production from the indigenous population into the commercial line.
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